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NATIONAL ADVISORYco d FOR AERONAUTICS .

TECHNICALH’OTE2839

DEVELOPMENT OF ~CE-MFMURING E~-.

By Leslie S. G. Kov&zn~yl

SUMMARY

Hot-wire turbulence-measuring eqyipment has been developed to meet
the more-stringent requirements involved in the mess-=ement of fluctua-
tions in flow parameters at supersonic velocities. The higher mean speed
necessitates the resolution of higher frequency co”mpc=entsthan at low
speed, and the r~’-ativelylow turbulence level presezt at supersonic
speed makes necessary an improved noise level for the equipment. The
equipment covers the frequency range from 2 to about 70,CO0 cycles per
second. Constant-current operation is employed. C~ensation for hot-
wire lag is adjusted manually using square-wave test:cg to indicate
proper setting. These and other.features make the e~tipment adaptable
to all-purpose turlmlence work with improved utility and accuracy over
that of older types of equipment. Sample measurements are given to
demonstrate the performance.

INTRODUCTION

The hot-wire technique at low suk60nic speeda hak become a standard
tool of turbulence research. When high-speed ard s~rsonic wind tunnels
appeared, the interest was focused more on the effects of compressibility
than viscosity. Thts led to the accumulation of a wealth of data on
supersonic flow devoid of quantitative measurements relating to the
effects of the viscosity and, in particular, with re~ect to the prop-
erties of the turbulence that was present.

The natural development now calls for information on turbulence in
supersonic wind tunnels just as it was needed in the case cf low-speed
wind tunnels in the last decade.

%?’heauthor, who is Associate Professor of Aeronautics, The Johns
Hopkins University, served as-a consultant to the NAZonal Bureau of
Standards for this investigai.ion,which was part of a cooperative pro-
gram conducted at NBS under NACA spoxorship and at the Johns Hopkins
University under the sponsorship of the Bureau of Ordnance, U. S. Navy
Department.
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The feasibility of ~ing h& wires in a supersonic flow was first

demonstrated by Dryden and Schubauer.in 1946, when they operated a
0.000s-inch-dismeter tungsten wire in the Aberdeen wind tunnel and
observed fluctuations with it. (This work is.unpublished.) This @e
of measurement was repeated in the Langley 9-inch supersonic tunnel at
Langley Field in late 1947.

It became apparent, after a closer examination of the Problem, * .
there were three major problems to be solved before actual turbulence
measurements could be obtained in supersonic flow:

. .

(1)~To e~tnd the response of the hot-wire probe and its associated
equipnent to much higher frequencies

(2) To detemine whether Ki&’s law for the heat loss from a tire,
applicable to incompressible flow, may be applied to compressible-flow
computations

(3) To interpret the measurements obtained in a compressible flow,
where tiiereare three parameters of the flow instead of the veloci@

● alone, as in the low-speed case

The attack on these problems was conducted in separate phases. The
development of hot-wire equipment capable of handling signals up to
X to 70 kilocycles with a tolerable noise level is presented in this
report. The work on the determination of the laws of heat loss from
wires and wire sensitivity in supersonic flow was conducted at The Johns
Hop$ins UniversiW and reported in references 1 and 2.

The present project was conducted under the sponsorship and with
the financial assistance of the National Advisory Committee for
Aeronautics. The work was c=ried on in the Electronics Division,
Engineering Electronics Section, of the National Bureau of Standards and
is one phase of a joint project undertaken by NBS under the sponsorship
of the NACA and by the Johns Hopkins University under the sponsorship of
the Bureau of Ordnance of the U. S. N&vy Department. By informal arrange-
ment, the author, who IS associated with the Johns Hopkins University,
spent part time in the NBS laboratory directing the design and constmc-
tion. The author wishes to express his thanks to Dr. H. L. Dryden, who
originated the c~operative arrangement between NBS and the Johns Hopkics
University, and to Dr. G. B. Scbubauer, who assisted in putting it into
effect and promoted the work by his support and interest. The author is
much indebted to Mr. Merlin Davis who did rmst of the detail design and
experimental work. In addition, his cmscientious help with the compila-
tion and assembly of the r~port material was invaluable. Thanks are due
to Mr. J. G. Reid, Jr., for supervision of the work as well as for his -
many valuable.mggestions, such as the use of the biased-diode system of
square-law detection, and to Mr. H. H. Parnell who helped wfth procure-
ment and shop problems. Thanks are due to the Ballistic Research
Laboratories of Aberdeen Proving Ground for their assistance in giving
wind-tunnel time to test this equipment.
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x
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SYMBOIS

space coordinate parallel to mean-flw tiection

resolution”length, inches

u

f

f=

M

H

z

T.

Tw -
.

Te

A’,

R

Rf

a

%?’
.

m.. . . . .

mean velocity, feet per second

frequency, cycles per second

~ frequency, cycles per second

time constant of thermal lag in hot-uire, seconds

heat 10ss of wire per unit time, ergs per second

hot-wire length, centimeterf3

temperature absolute, %

wire t~perature when heated, %

equilibrium temperature attained”if tie is unheated, %

reference temperature (usually 2’?3°K), %

convection constant, cenbimeter-grsm-seconds

resistance of wire, ohms

resistaa.= of wire at temperature TV) o~

r~sistance of wire at temperature Te, ohms

resistance of tire at reference temperature Tf, ohns

temperature coefficient of resistivi~ defined at Tf, 1 per %
“1

dimensionless

- ctbgensionless

ti”nsionless

._

—--— . . . . . ---

overheating ratio
()

~-Rf

~

()Rw-~overheating ratio
~

()

~- - Rf
werheating ratio

Rf

. . . ..--, . ..- - ..-. . . -—- . .._
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heating ~ent, amperes ,

thermal capaci~ of %ie, ergs per ‘C

thermsl energy accumulated in wire, ergs

characteristic current of wire necessary to attain ~’ = 1

at U= O, amperes
.

characteristic velocity of wire, centimeters per second

voltage, volts

mean voltage drop across wire, volts

voltage fluctuation; volts

veloci~ f~.uctuation,centimeters per second

voltage fluctuation produced by 1 percent velocie fluctuation,
volts -

characteristic voltage of wire (+%)

virtual voltage fluctuation that would be produced in absence
of thermal lag, volts

heat input of wire, ergs per second

thermal lag constant of a particular wire, square amperes
times seconds

time constant of wire when operated unheated (resistance
thermometer), seconds

voltage signal.t-t would be attained without thermal lag, volts

imaginay unit (rl)

equilibrium temperature ratio (Te/!Co)

()Tw - Te
temperature loading

~

stagnation temperature, %

stagnation temperature

.Nusselt number

.- .- .-. _ _- ------ .— ..- .- —-
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g, c’

g = dro

A, B, C,

y, z

Re ~

Reo

a, b

Rab

t

z

v“

●
E

r
●

. . . .,

Nusselt number at stagnation temperature
-“-.

. .

dk.psi~, grams per cubic centimeter

density fluctuation, grams per cubic centimeter

heat conductivity of air at stagnation temperature, ergs per
centimeter per second per ‘C

tiscosity at stagnation temperature, poises

diameter of wire, inches

voltage fluctuation caused by 1 percent EU3SS flow fluctuation,
volts per percent

voltage fluctuation caused by 1 percent temperature fluctua-
tion, volts per percent

nondimension&1
wire

nondimensional

nondimensional
number

parameters depending on operating conditions of

constants of supersonic hot-wire heat loss

parameters depending on hot-wire Reynolds

Reynold~ nwnber

characteristic Reynolds number of wire

arbitrary random iluictionsof time with zero time average

()~bcorrelation coefficient

{Z P

time, seconds .

mean square of sum of two signals ((w)

mean squire of difference of tuo signals ((3)

ratio of

ratio of

,.

... .— . -. —.—y —.- ———-- -- m.

root-mean-square values of two signals

mean-square sum and difference (v/z)
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deflection of radiometer needle

self-inductance,henrys

tube transconductance,mhos

amplification factor

meter resistance in square detector, ohs

input voltage to diode circuit, volts (e - IRm)

bias voltage step, volts

percent mass-flow fluctuation

.

percent stagnation-temperaturefluctuation (,00-)

mass-f~ow-temperaturecorrelation

time average ‘

GENERAL REMARKS ON HOT-WIRE METHOD

.Thehot-wire method for measuring turbulent
flow parameters essentially relies on the law of
wire located in an air stream.

For the usual condition, when the mean flow

fluctuations of the
heat’loss from a fine

is large compsredwith
the turbulent velocity fluctuations, the whole turbulent pattern is
swept by the wire and, as a first approximation, one can assume that
the time history recorded by a stationary hot-wire probe is really a
record of the moving turbulence pattern along the space coordinate x
parallel to the mean-flow direction.“Similarly the long-range behavior
of the turbulent pattern in time is identified with the change in condi-
tions downstream along the coordinate x. This interchange of space
and time coordinatesbecomes justified, in the limit, as the timbulent
velocity vanishes compared with the mean flow. This approximation
enables one to esthate the resolution in space fram the frequency
response of the equipment. The hot-wire has two rather important limita-
tions. One is the nonlinearitywith velocity; the other is the finite
resolution in time and, consequently, in space.
.

. .
.
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Since heat loss is not a linear function of velociw, it is rather
impractical to measure turbulence with zero mean motion..-No distinction
between the positive and negative values of the velocity is possible
because tbs wLre responds oniy to the absolute m%@itude.of tbe velocity.
As a result of this situation, the hot-wire is used almost exelusive~
in Plows where there is a substantial mean flow and the turbulent fluc-
tuation and the sensitivity coefficients will.depend only on the mean
operating conditions.

The resolution le~gth in the direction of tke wire is the wire
length itself, and its effect on measuring space characteristics
(correlationana spectra) is given in references 3 and 4. The resolu-
tion length in the flow direction is governed primarily by the frequency

response of the system. Define Zx = #- where ‘fm= is the maximum
max

frequency of the amplifier, that is, where there is no substantial loss
of response, and U is the mean speed of air flow. Figure 1 shows the
quantitativerelationships. ‘T@ “resolving power” can be represented
by an area having as sides the length of the’wire and the resolution
length 7X in the direction of flow. The resolution length in the

third dimension is negligible, compared with the two lengths mentioned
before, because it is governed only by wire diameter, which is always
small compared with the length. ●

The thermal lag of’the wire Is large enough to make the unaided
wire impractical, even for measuring turbulence at low speed. ‘I’hereal ‘
advantage of the hot-wire method, however, is nat c: much Its small time
lag, but the fact that the lag obeys a simple law; therefore approximate “
compensation can be applied satisfactorily. For higher frequencies the
response of the hot-wire falls off inversely proportional to the fre-
quency. If compensation canbe achievedup to a factor of 100 (40 db),
this will extend the useful frequency range by the same factor. If the
useful band is assumed as ext+ing up to the “s-decibel point” (~pprOfi-
mately 70-percent response in voltage), then the new frequency
compensation is as follows:

M, milliseconds.,.. . . . . . . . ...1.6 1.o.o.8
fma,kc/sec.. . . . . . . . . . . . . . .. 10 16 20

The use of fine wires, and consequently low the-constant
permits higher fre~encies but introduces serious mechanical difficulties.
Any other turbulence-measuringtechnique wbichrnight be suggested in
place of the hot-wire must offer d better resolving pow~- without loss in
qbsolute sensitivity if it is to be an improvement over the hot-wire.

limit with

0.4 0.2
4080

v~ues,

The sensitivi~ of the hot-wire probe can be derived from the law
of heat loss from wires. ““~hewire responds to fluctuations in.the
heatfng and coollng conditions_i@osedby the electric circuit andby..
the air flow. The static and dynamic equations applying to hot-wire
performance in the case of an incompressible-flowmedium will be derived

– .S —p—-r-.--l-,.-:-m
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as a basis for the design of the equipment, particularly in regard to .

the choice of the halt-wirethermal-lag compensation syetem.

The preliminary experiiuentswith hot wires in supersonic flow
●

(refer~nces1 and 2) have proven that the heat-loss functions are not
substantiallydifferent from those in incompressible flow, nor is there
any difference in the order of msgnitude. This being the case$ the well-
established results for-incompressible.flow can serve as a guide in
determini~ orders of magnitude. Tn fact, this was the procedure fol.
lowed to find the design requirements for the development of the present
equipnent,.sincesystematic data on wires in superso-dc flow were avail-
able only in the latter phase of the work.

The i’ol.lowingformula derived by King (reference 5) rep~esents the
heat loss in incompressible flow for a wire of small diameter:

. H = 2(TW - Te)(At~+ B’)

Using wtie resistances ~ and ~ corresponding
a useful temperature factor may be defined as follows:

(1)

to. Tw and Te,

.

●

Since CL,the”temperatme coefficient of”resistivity, is defined in
terms of a refereLce temperature Rf by

..

ERw=Rfl+a(Tw- Tf)] (2)

other useful .temperaturbfactors are:

and

Re - lif
ae = ~-

These become important intemperature measurements.

.. —-----—. —— -. --—— -- ------.x--- ,---—. -.. - .-’= ----- -~’ -: ----” ---- -—- —,”--- = -“ ~ - .. .
‘.

—. .— —. — —— . ___ -.—-. —— -.——



.. .,= . ..<4 .-= . ..*.-.. ,, p.- . . . :- —. .,..,7 < , -. -, .-_y-.:i .:... :=r, ... - ;.
,’,’ :. =_. . ..-.- -. ,. . - ,--_-’ -.. ... ’’.. .+7 .,,.T,. .f ,“.:,

‘. : ‘:.. -~-—

a ~ ...--W--, : --J, - %; . . .;,:..2., ,-L.- “.-.’ ...s. .-T .-’..

. .

!1;
-,,,“,

“..’[
--- .— —... ---- --.. .

}‘ .>c”
I

.
,,’7 .

.

“NACA!&339 “ ~ .,
---- -.7 ..+ ,.

. .
., ... . . . . . . . . . . . . .

.’ -

●

The c’on~ervationof energy requires that the difference between
heat generateiiin the wire and heat lost to the air be equal to the
thermal ener~ accumulated in the wire, so8

.

12~ - Z(TW - Te)(A’@ + B’) = ~~

where CT is the tha capaci~ of the wire:

If the mass of the hot-wire is

9

(3)

small and the fluctuations are slow>
the right-hand side.of equation (3) ~n~~ neglected-and a ~asi-
equilibrium e,quationof state obtaice~

12%= 2(TCW-r Te)(A’~ + B’) (Sa)

●

For convenience,
representation

“where

. .

=quation (Sa) canbe transformed into a nondimensional

(4)

and

B’2uo. —

A’2

The new constants
. wire and have the

Rf, l., and U. are characteristics of eny given

dimensions of electric cuzzrentand of velocl~ in
. eddition to the temperature factor previously mentioned. Equation (4)

is formulated in terms of the three fuxd.amentalhot-wire variables U,
I, and aw’. Their functional relationship is shown in figure 2. Keeping

b .
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‘onevariable constant, the usual hot-wire characteristics are obtained
as orthogonal seetions.

At constant temperature ~’ =

current is a linear function of the
constant current I = Constant the

Constant, the square of the heating

square root of the velocity. At”
temperature factor ~’ decreases

with increasing veloci~. At constant velocity U = Constant the
temperature increases faster than linearly with increasing heating
current.

The hot-tire, operated in an electrical circuit which provides it
with a constant heating current, responds to the velocity fluctuations
by temperature fluctuations. ‘l%ese
as vo~tage fluctuations. The value
current is

& %’—= -—.

temperature fluctuations are recorded
of voltage fluctuations at constant

.- .
. .

where Ae stands for the voltage fluctuations (departure from the mean),
z= IRw is the rean direct-current voltage drop across the wire, and

.

N is the velocity fluctuation. The negative sign indicates that the
wire responds with a voltage decrement to-a velocity increment. A 8

nondimensional form of voltage-fluctuation sensitivity valid for all
wires at zero Mach number is

(6)

with e. = 2RfIo as a characteristic voltage and Ael as the voltage

fluctuations caused by l-percent velocity fluctuations. The plot is
given in figure 3 and indicates that the sensitivity increases with both
increasing velocity ratio and increasing mean wire temperature. The
results thus obtained are valid only tcr slow fluctuations because the
right-hand side of equation (3) was neglected. For faster fluctuation
the thermal lag becomes appreciable. Detailed analysis shows that,
within the reach of the linearized theory of fluctuation response, the
thermal lag obeys a simple law

(7)

. . . .. ..-. -.--7-- . . ---- ,- - -— —
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. .

where” &v is’~k”+oltige-’fiuctitionthat”&ld have been oM&ned_in
a therml
depending

where CT

cn the opemating conditions. The time constani is, in gener~~
,

is the heat capaci~ of the wire. With King’s law and linear

dependence of the resistance on the temperature

M
%’

‘n= (9)

where n is a constant, &epending upon the properties of the wire. For
constant velocity, it will be noted that 12 becomes a unique function
of ~’, for the time constant is then simply proportional to the wire
resistance. Wh5re ~ is the”extrapolated value for an unheated wire
(av’~ O),

M =“0(1 + q!) (lo)

(~is ~lue applies if the ~~e iS used as a resistance thermometer to
pick up temperature fluctuations.) The hot-wire thus has four calibra-
tion constsnts: Rf, UO, 10, and n. Orders of magnitude for practical

hot-wire probes constmcted of platinum and tungsten wires varying in
dismeter from 0.00005 to 0.0003 inch are as follows: Rf, 5 to ~ Ohms;

Uo, 20 to 300 centimeters per second;
8

10, 25 to 150 milliamperes; and
n, 10- to 10-6 square amperes times seconds. .

The thermal-lag effect (eguation (7)) Cm be determined for sine
waves, and it can be easily shown that the equivalent circuit is a .
passi~e four-pole network ~th a time constant M. The transfer function
is complex

& 1
~ = 1 i 2JlifM (u

.
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&ere fk~’ is the “s’i-&alof virtual voltage flwtuat ion proportional

to the velocity fluctuation and Ae is the actual voltage fluctuation.
.

The vector dfagram ig given in figure 4 and shows both the ampli.t”de
reduction ~d phase jag

& e“i tSI1-l(2fifM)

--.’

The amplitude reductIon

“V- G7=F
for the usual range of

.

(12)

time ,constantsis given
in figure 5. This figure clearly indicates that the hot-wire anemometer
cannot bq used for measuring rapid fluctuations unless the ther&l.-lag
effect is substantially reduced by some compensating system. This was
first successfully achieved by D~den and Kuethe (reference 6). Since
then a number of other systems have been devised for reducing thermal-
lag effects. These will be discussed mor’ein detail later.

The heat loss at supersonic velocities has been determined experi-
mentally and data are given in references 1 =d 2. The fluctuation
sensitivities have been determined by logarithmic differentiation.
Experiments for a complete range of &ch numbers have been carried out
by Lowell (reference 7) on wires of a large diameter (0.003.b.),but
his main attention was focused more on the measurement of mean-flow
parameter values than on turbulent fluctuations.

The results of the e~riments conducted in supersonic flow canbe
summarized as follows. The unheated wire, when exposed to a supersonic
air stream, reaches an equilibrium temperature between 93 and 98 peycent
of the stagnation temperature.

Te.
~=~ .

1 (13)

J
The variation of q with Mach number ia available from e~erimental data.
If the wire is heated to a temperature TV, the heat loss is proportional
to ‘I’W- Te as a first approximation. For higher temperatures there is
a substanti@ nonlinear effect. This nonlinear effect does not seem to
depend much on the Mach nuuiber. Figure 6 shows this variation as a func-
tion of temperature loading.

.
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The variation of heat “10SS: on flow -Aeters” c~ be represented
nondime~ iom~ with the Nusselt number as a function of Reynolds
number and Mach numbzr. If X appropri=+~ comb~tion of flow parameters
is used to form the Reynolds numker, the dependence on the Mach number
disappears and the Nusselt number becomes “a linear function of we square
root of the Reynolds number.

I?U= H

‘(r )

Upd
—- B(l-cT)Y’cz~(Tw- Te) = A p. (14)

Values of A = Ox> B = 0.8,and c = 0.18 were found expe~tien~y.
These results sre ShOWQ h f@e 7..

.

(*=~fl*-o.3%aJ .)-w+’

w.sre q is defined by equations (13)and @ accounts for the non-
linearity of heat IQSS with te~eratwe ~ y

Reynolds number:

(16)

(17)

and z depend on the

.

(18)
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The separation of root-mean-squaremass-flow
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1 ‘(19)

(20)

(a)
.

fluctuation and root-mean-

square temperature fluctuation and the correlation between the two can
be determined by taking measurements of mean-square flucfitions with
the wire at different operating temperatures.

The sens~tivi~ coefficients A% and ~ smd their ratio are

given as a function of W’

GENERAL

,.

in figure 8.

IIWIGN CONSIllERWXOW

The equipment is intended to indicate
tions and their time derimtives at either

.

.

.

turbulent-velocity fluctua-
one of two points in an air

.

b’
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. stre~’ and tc ine”=~ire meti-sw~e ~WS ~ia m-em products of fluctua-

tions and their derivatives. These afford-the more commonly known

statistical quantitiesj ~ch as *bfient fnte~ iwy tibulent energy,
● correlation coefficientsj scale} and shear~ stress. In additicn it

is intended that the e~ipment sho~d pro~de the basic units to xhich
other circuits and i~t~ents w be attached when it fS desired to
obtain other statistical quantities. For example, these may be frequency
analyzers to obtain the spect-> or statistical analyzers to obtain
probability distributions.

Commonly used hot-wire aria~ements were also taken into considera-
tion when laying out requirements. These arrangements sre the single-
wire pzobe with tie normal to the wind and the x-uire probe with a pair
of wires, one at a positive angle to the wind and one at a negative angle
to the wind. These are well-known types used in the measurement of the
three mutually perpendictiu compnents of the velocity-fluctuation
vector. Since it was known to be necessary in many cases to use two
such probes and to compe~ate them separately for lag} tm channels
were desirable.

Features that would make possible the measurement of turbulence in
high-speed wind tunnels were placed uppermost among desi~ considera-

. tfons. The extension of response to higher frequencies was therefore
the primary requirement. The turbulence level to be measured, on the
other hand, is expected to be Wit.e 10W; therefore the ‘noiselevel

●

imposes limits on the sensitivity. These requirements suggested the
decision in ~avor of conventional compensation (inverse circuit) instead
of a constant-temperatie negative feedback system (see section entitled
“CompensatingAmplifiers.”)

/,

1;,,.,
!
J ‘[ 1[—--------—.. -y-,.......... .....-. ~-~T=----- .,- .-—-, ~r--. .,. . ,= —

.::
~, -- .-

Early in the work it was decided that the problem of measuring
turbulence at very high speeds sho~d be approached by first analyzing
and perfecting the fundamental tecm~es md apparatus necessary for
such measur~mentsj rather than by a hurried attempt to place hot-wires
in a supersonic stream before the bektior of such wires and their
response characteristics were known. Therefore it was decided to build
equipment of a permanent type> which wotid be Wed and easy to service
and check. In other wbrds, the object was ‘toavoid operational dif-
ficulties that so often plague a temporary laboratory setup. Such qual-
ities become of inestimable value when eqertients are fidertaken in
large supersonic wind tmnels where test time is at a premium. Another
advantage is that the equipment th=n would follow commercial practice;
that is, a certain function is performed inside a“’’box”without special
attention from the operator. Because the art of using hot-wires at
supersonic speeds is so new, it Was felt imperative that the equipment
should have as great a versatility as possible. This quality has been.
achieved in the present equipment-to a gratifying degree.

b
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.“
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“,



, :>- ,:. -- .- —.,-----> ,x.

d-.___ . . ......... —-—. . ...— ——..

ti

-.,, . . . ... . ., ,.
The po~sibil’i~ of us~ two hot-wire prob”es

in the flow field, where tbe operating conditions

mcA m 2839

at two different points
mw be cmite different.

led to the use of two independent ampiifier ctils~ If‘the correlatiofi
coefficient is to be “measuredbetween @o fluctuating quantities, the
necessary sum-and-difference signals,can then be produced after compensa-
tion’and amplification. The advantages accrui-pgfrom the use of grounded
rather than ungrounded input circuits and possible means for reversing
the polarity led to a decision in favor of ptih-puU amplifiers in all
of the circuits. The direct measurement of the correlation coefficient
is made ~ssible by using a radiometer to read directly the ratio of
mean squares of the sum-and-difference signals from two hot-wires. l!his
ol?jectivecalls for a ldgh-power output square-law detector, a require-
ment which led to the development of the biased-diode typ of squaring
circuit. The two independent channels, each built with push-pull ampli-
fiers, naturally permit the measurement of correlation in the ordinary
way, namely, by forming the sum and difference of the two signals of the
two wires before feeding them to the amplifier. The correlation coef-
ficient of two variable quantities a(t) and b(t) that have zero
averages is

The bsr demtes time average:

(22)

( 23)

. If the mean square of the sum and difference is formed, the mean product
is easy to obtain:

X=(a+b)2

V=(GII)2

. .

..”..
.-

,-.
,.

(24)

(25)

.
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$%== (x+ V).**
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(26)

If the mean-square level of the two sig@.s is adjusted to be identical
g= lad

Z-V l-rRab=m=
m= ‘r)

..----

(27)

where .

vr=-
-. z

.
In tbls particular case the correlation coefficientbecomes a unique
function of the ratio of the mean s-e of the sum and the mean square

. of the difference.

The direct-cuxrent radiometer is a two-coil imn%ument with practi-
cally no restoring force. The moving system assumes a position so that
the opposite torques on the two coils are equal. The torque is prqcr-
tional to the current in the coil and.also to the magnetic field. The
pole pieces are shaped in such a wey that the magnetic fields vary con-
tinuously. The condition for equilibrium depmds only on the ratio of
the two currents 11 and 12. The deflection of the nee~e ~ can be

expressed approximately by

(28)

Since the correlation can be miquely expressed in terms of the ratio r,
the instrument can be scaled directly in correlation coefficient in addi-
tion to the ratio f3cale. With the tangent approximation the correlation
scale becomes

. ,-
.

.. .

8 ,’ I
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P’ =1+
-.

@q - almost uniform scale with Rab = O in
and R* = -1 at ye two ends.

I
(a)

the center and ~b = 1

under circumstancesSince the equipment was expected to be wed
where there had been little previous experience with respect to wire
thermal lag, that is, at supersonic flow provision has ;beenmade to
measure the thermal lag of the wire- & s is done by the square-wave
method described in reference 6. ‘I& problem of feeding square-wave
current pubes into a relatimly low-impedance hot-tie circuit neces-
sitated the use of a power ampHf ier. The presence of a power Smplifler,
on the other hand, provided a simple solution for control of the hot-
wire heating current.

The
that are

(u

(2)

8

[
(3)

(4)

(5)

(6)
.
(7)

f

(8)

,, (9),,!:<

(10)
.
(1-l)

,.)

(w)-.

/l.,
1,
,. ., d->-

units of the equipment must pe~form a large wiety of functions
listed below:

Supplying a coda=olled heating current to the wires
.

Measurement of the heating current (O.l-percent accuracy)

~~nt of the hot-wire resistance (mean resistance)

Co@ir&ion of the voltage output 0? “h wiref3(sum and
difference)

Superposition of square-wave signals on wire-heating current
1

Amplification of hot-vire signal

Compensation for thermal lag

Rejection of signals of Mg&r fteguency than destied

Measurement of root-mean-sguare

I@allzation of two compensated

Formation of sum-and-difference

signal.output of smplifier -

output d.gnala

signal from tuo channels .

A.mpkE?icat20nOf cotiined signals

●

,

.-

. .. .. .. . . . .. . . e----~,c---, —- -
; “’ --..:- Z. -.L-=_

-. .

.— —.- -——————..



—— —. .. - —- -.. .. —— -. -—-— .-. —. ._ —.—— --— ..-_

.
-.. “

MICA

-,.
..

●

m 2839 . ‘.
,.

.“..- .- ..- ,.,.
,.

(M m~ffntiatioi of signai (once-or twice)’with res~ct to

w“

(14) s~ of a S@I@ . ‘ “
.

(15) Forming the ratio of two squared signals (mean square)

(16) suPPling known-magnitude root-mean-square signaIs for
ctibrs.t ing the c*b . .

(17) SuPPling =wn time-constant circuit for calibrating @
checking the~-1~ compensation

In addition to these basic functions, tie ampu~s must be sup-
plied with appropriate forms of ~wer which ere controlled and metered.
Sine-wave and s~e-wave generators are Wed for calibration purposes.
An rjBcil.loscopeis used to Inonitbrthe output signal.

The hot-wire
heating current is measured by the Yoltage drop across a resistor in
series with the wire by the sld,of a direct-cment potentiometer.

*
The

units as.

(a)
*

.
(b)

(c)

(d)

(e)

(f)

lmuious functions Msted above ~e performed in the diffe&t
follows:

Two control units:- (0, (2) xl.y, (3), (4), m (5)

TWO compensat~ amplifiers: (6), {7), - (8)
.

One se’rviceunit: (9), (10), (U), and metering power for two
compemat~ simplifiers

Two powdr tits: (@, (13), - (14)

One calibration unit: (2) ~~, (16), - (17)

Auxiliarye@ipment fi=luding radiometer: (25)

The block dia~”& of the e@~nt is @ven in “figure9 and the .
auxiliary equipment is shown by lighter lipee. A photograph is shown
in figure 10. The breakdown of the equipment into units is mainly
&Lctated by the flexibility desired, and also by the order of ma@tude
of signals to be handled. The range of the quantities to be measured
was eatiousl~ bracketed and the preliminary design data follow:

.
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P3at~-hot-tie diameter;”fn. . * . . . . . . . .”.
Tuugsten-hot?wire dfameter, in. . . . . . . . . . . .
Hot-wire resistance, ohms.. . . . . . . . . . . . .

. Hot-wire heating current, = . . . ..’.. . . . . . . .
Time constant of thermal lag, milliseconds . . . . . .
Voltage signal fromwires, mv . . . . . . . . . . . .
Output signal from compensating 8mplifier (madmum
output before overloading), volts . . . . . . . . .

NACA TN 2839

,..

0.00005 -O.00025
0.00015-0.00030

2-1oo
. 10-300
0.1-5.0
%.1-100

10-20

The %reakdown of the total amplification between (%) and (d) is such
that the compensating amplifier has an approxbrate amplification of
10,COO, with an output jmpedance of 3000 ohmk (each side of push-pull).
This results in an output-voltage level of 1 volt for a 100-microvolt
input. Further manipulation of the signal, therefore, is performed on
a level of the order of 1 volt or more. The power unit has a maximum
amplification of the order of 50 and it~ output is of the order of 30 to
40 volts. The square detector supplies a current.of the order of
0.5 milliampere into a load of 1~0 ohms, which i6 adequate for the
radiometer. All attenuators have Y&tio steps of l:@, making a ratio 1:2
after sgusring. Ey mnipulaticn of the attenuator
of the squexe ~ detector are alwaya in the more
the scale.

In the following section the individual units
detail.

con4tiolthe readings
accurate region of

wild.be described in

RESCIUl?I’IOl?OF EQJIPMWI

Control Unit

There are two identical con@ol units,
detailed cirtuit diagram is given in figure

one for each channel. The
u.. The switching operations

which apply.to these-terminal points ar~ given to the right of the circuit
diagram and the switch-connectingpoints are labeled to correspond with
those on the main disgrtun. The front view OS the control unit is shor-
in figure 12 @ the top and bottom views of the tiing are given in
figures 13 and 14. The main functions of the control unit are:

(1) Control of heating c&rent in the wires

(2) Measurement of wire resistance (mean) under both hot and cold
conditions .

al?ottaking into account
is attenuated additionalQby

thermal-lag effect. (Actual input signal “
lag”involving a factor 2-20.)
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(3;Combination of wire s@nals before feeding them to,the com-
pensating amplifier

(4) Superposition of square-wave current pulses to the heating
current for measurement of thermal lag

One end of each hot-wtre is alwsys connected to the ground, and
one side of the battery and the square-wave generator is also grounded.
This is considered a rather important design”feature of the equipment,
[mpecially when high frequencies are occurring in the signal, because
neither floating wires nor floating batteries could be tolerated.

The

(a)

(b)

(c)

circuit consists

Current control

Multiple bridge

of three parts:

Switching arrangement

the heating current is controlled by six pow=~ tubes (25L6-G) and the
multiple bridge represents the cathode load (see fig. 15). This cathode
follower me of operation.greatly facilitates the superposition of any
curreat fluctuations such,as sguare waves on the control grids. The
current is controlled by the grid bias from a stabilized voltage divider.

The measmement of cold .resistanceOS?the wire regutres very small
currents (1-10 ma). Special provisions were made to feed a small current
to the wires directly from the voltage dil-ider,since the tubes pass a
larger current even at zero grid bias voltage. -.

The multiple bridge consists of six parallel arms (fig. n). Each
arm acts as a voltsge divider and a certain positive potential with
respect to ground appears on points s, a, ~, b2, b, and h. The

resistance-measuringarm cmsists ofR2~, R30$ and ~-w. The bridge

ratio is 10:1 and resistance values up to 100 ohms canbe measured in
O.01-ohm steps.

By appropriate switching the direct-current potential differences
can be detected by the galvanometers,thus giving resistance measurement
or resistance comparison (e.g., two wire probes). The alternating-
current pdential fluctuations can be fed to the compensating amplifier
both separately or in appropriate combinations. The heating current is
accurately measured as a voltage drop across standard resistors by means
of a direct-current potentiometer (located in the calibration unit). The
standard re@istors R~ and 11~ are placed in series with each wii”eand an

extra one R~.is in-series with the whole bridge. The value of the htter
. . -.

.

●

✎

✎ ✎ �✎ ✍✍✍✍ ✎ ✎✍ � ✿✎ ✎ ✎ ✍��✎�✎✎✍ ✎�✍✎✎ ❞✎✎✌✍ ✎✝✎✌ ✎✛✎✎✍� ✍✎�✌ ✎✍ ✎ ✎✌✍✎✝ ✍ ✍ �✎✝ ✍✍✍✍✍✍✍ � ✍✍✍ ✎✌ ✎

✛✎✎✎

� ✿�✎✎✿✍✎��� ✎��� ��✎� ✎ ✎ ✎✎� ✎� � ✎✍✎ ✎� ✿ �✎�✎ � ✎



-H,..-: ..-——...- =... .
! .-

. .
.

,1

‘1,

.. “

.-

22. mm m 2839

. ..... .- ,., ...’ -.

is chosen to give the same voltage-drop as the nditidual ones if two
wires are used. The principal switch S1~ has five combinations for
measuring a .single wire or the sum and difference of two wires. “

The combination of two signals before amplifying requires the use
of rather well-matched wires. If the two wires have slightly unequal
lengths, and therefore resistances (lessthan 10 percent), a special
matching circuit (fig. 16) can reduce the effective length of the wire
by tapping off a reduced potential from points ~ and b2. Since the

compensat~ amplifier has a push-pull input; neither side requires
grounding. This gives the possibility of measuring the difference out-
put of two wires. The half sum of the signal from the.two wires canbe
obtained by tapping off the mid-pointof a 1:1 voltage divider between
the two hot-wire potentials (point e). In this way the sum-and-difference
signals can be obtained before amplification, and correlation coefficient
can be measured in the conventional way.

On the other hand, if the correlation coefficient is measured by
the radiometer, each probe is connected to one separate control unit,
each signal is amplified pnd compensated separately, the sum and dif-
ference are formed ia the setice tit, and the mean squares are formed
by the power units. This latter method is desirable if the two hot-wire
probes must operate et two difi?erentpoints in the flow where the’mean
velocities, and therefore time constants, are widely different.

The square-wa~ calibration of thermal lag reguties a separate
bridge am. The temperature (resistance) fluctuations canbe obta$ned
from a balanced bridge even ti the presence of an alternat~-current
component in the bridge current. Unfortunately the decade resistors
used in the calibrated bridge arm [~-u) do not -ve good h~-fre~e~y

response; therefore the-potential ?or tie square-wave tests is taken ‘
from the uncalibrated bridge arm (~om point S). Potentiometers ~ and 1%

are carbon potentiometers. If,the Voltage from the wire,alone is used,
this signal contains aG undesired sguare-wave contribution that givea
“spikes” when compensated (dil~erentiation), so the bridge ~ement
is absolutely necessary. Special chokes Ll, ~, and L3 protect the

galvanometersfrom the square-wave component of the heating current, and
the heating-current measurement by the direct-current potentiometer is
also euspended during the square-wave test.

,
Compensating Amplifiers

The compensating amplifier is the most critical part of the hot-wire
equipment. An unconventional @out is necessary because of two ex@eme
requirements. First, the level of the input S- is extremely 10V;
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%erefore he question of thermal noise becomes of veqy great imp6~ce.
,.-

Secor$, the electro@c compezaation of the thermal lag of the hot-wire
requ’tresa special frequency-response characteristic that can be ad@ted
with high accuracy accord~ “to.time-coristantvalues. These features
naturally can be obtained only by’additional gain and extended-frequency
band width.

The operating-frequency range is 2 to 80,000 cycles-per second;
therefore hrge fiterstage coupling condensers are nee~ed for good lou-
frequency response which then necessitates special.disposition and

I

mounting features to avoid parasitic capacitances to ground and loss”of I
gain at higher frequencies.

i
The hot-wire is a low-impedance source (2-20 ohms); therefore the

thermal noise originates primari~ from the first amplifier stage. The
“use of transformer coupling in order to improve signal-to-noiseratio
could not be extended to both lower and upper ends of the frequency band.
Another method for @proving impedance matching between source and
amplifier is the use of high-impedance metalLcoated quartz fibers as hot-
wires. I?osuccessful results have yet been @blished.

.
The thermal noise is lower for triodes than for pcn’ades and the

equivalent iioise-generating,resistance decreeaes inversely pro~fiional
to the transconduc~ce of the tube. This led to the choice of 6J4 tubes
in the first stage. Since the high transconductance always involves
close cathode-grid spacing, these tubes are rather qicrophonic. This
fact promoted the need for the special.antimicrophonic suspension used
for the first stage.

The thermal lag of the wire produces an attenuation and a phase
shift. The frequency response of the wire with complex notation follows:

.

,

f
. ‘}(30)

Here ev is proportional to the velocity (or temperature) fluctuation

and e is the acttil distorted voltage output of the wire. The compensa-
tion therefore must have a complex frequency response 1 + 2nifM. This “
means that the compensating circuit also has a characteristic time constant
and tie amplification becomes simply proportional to the frequency if’the
frequency is large (2nfM >> 1). Such circuits with a time constant can be
obtained in many ways; therefore the compensation systems are numercd.
The several types that have been adopted are shown in figure 17. ~ese
are described brfefly’as follows:. .-

‘} ‘
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Inductance-resistance compensation (fig. 17(a)). This is the”-
tie of compensation {reference 6) where Lb =m uith the”

additional reguiremeti RO>>R. The large value of L necessitates
the use of a large inductance choke. F’requeng M3itstion fB mainly due
to the resonant frequency of the choke. The time constant is controlled
by R which in turn alters the amplification.

(b) Capacitance-resistance compensation (fig. 17(b)). This is the
most commonly used type. Compensation is controlled by the variable
condenser C. Requirements are M = RC and ~ << R. The main dis-

advantage is that C “is floating above ground potential. The advantage
compared with type (a) is that the amplification does not change with
compensation setting.

(c) Transformer compensation (reference 8 and fig. 17(c)). The
transformer adds a differentiated signal sufficient to restore the loBs
of signal from the wire. The advantage is no loss of gain. The dis-
advantage is the magnetic pickup and resonance of the transformer.

..

(d) Negative feedback resistance-capacitancecompensation (refer-
ence 9 and fig. 17(d)). The equivalent circuit is identical with@pe (b)
but has the advantage of being a low-impedance circuit. The condenser is
grounded on one side (or close to ground in a push-pull circuit). The
time constant M = RC, and the gain is R@.. The total-range ofcom-

pensation is 1 + g#, where gm is the transconductance of the tube. “

The ceil,~-to-floor ratio canbe made 20 to 30 without inking the minhum
gain of the stage less than unity.

8 (e) An improved form of type (d) developed for the present eguipment
(fig. 17(e)). The feedback ratio is increased by

PRl
1+ R+R3

where v ‘isthe amplification of the second stage. The total feedback
ratio can be boosted to a value between 200 and 300, compared with 20 to
30 for type (d) and the minimum gain across the two stages is still “
approximately 10.

\
There is also an entirely different approach to the compensation

problem, namely, the constant-temperaturefeedback system shorn schemati-
c- in figure 18. The hot-wire is placed in a bridge and the unbalance
voltage is amplified and fed back to the bridge to suplress the tempera-
ture changes of the wire. The system is tliscussedin detail in refer-
ences 10 and 11.
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For the present e’~i~nt, QTS (e) compensation was developed
incorporating the advantages of types (b) and (d) but not having all of
their shortcomings. The ided compensation would require ever-increaklng
response proportional to frequency (at high frequencies). Since there
is no amplifier which has an unlimited increase-in gain ‘ait~frequency
riser the compensation has an Ultimte limit. The working range of
compensation can easily be represented by the ratio betieen basic ampli-
fication (“floor”) and the max~um amplification of the tiompensating
circuit (“ceiling”). Tb.etransition curve.between the ti~olevels gives
the compensation characteristic (see fig. 19). By a suitable choice of
circuitry a great part of this “volume” can be used for useful compensa-
tion. The patio between floor (O-frequency) (In fig. 19 shon -
“uncompensated”) and ceiling (rn-~equency) amplification depends on the
circuit constants. In circuit (b) it is simply R/RO a~d in circuits )
and (e) it is identic~l to the feedback r~tio K. In the case of
circuit (d) the floor-ceiling ratio is not more than 20:30. This type
of circuit is therefore suitable only for small smounts of compensation.
In the present circuit (type (e)) the factor chosen was 250. This gives
a sati~factmy compensation up to a ratio of 100 (2flfM= 200). Figure 19
shows how the i“deal(dashed line) and real.(full line) compensation
characteristics comP~e.

Using the usual resistance-capacitance input couplirg, the noise is
mainly generated in the fir8t stage-of the amplifier, and consists mostly
of tube thermal noise. The equivalent noise-generating resistance is of
the order of 300 to 10CXIohms. If the frequency res~onse of the amplifier
were f~at, t~-~oise wo~d increase ON proportion to the square rOOt

of the band width. The time-constant compensation means additional
amplification at high frequencies and the white noise is amplified too.
The result is a geat increase of noise, and the noise voltage increases
proportional to the 3/2 power of the band ti.dthand propcirtionalto the
time constant M. Figure 20 shows the theoretical noise level (voltage)
of a compensated hot-wire amplifier compared with a flat-frequency-
response amplifier with a band width of 10,CXIOcycles per second. The
noise root-mean-square amplitude of the latter is taken as unity. Every
,t,prbulent-energyspectrum measured has a maximum at a relatively low
frequency, and the turbulence has an energy spectrum strongly decreasing
with increasing frequency. This means that the signal suimerges into
the noise at some frequency value.

The simplified circuit diagram of the amplifier is given in fig-
ure 21. The amplifier consists of five stages. All stages are in a
push-pull arrangement to enable the handling of signals from u~ounded
sources. The symmetry of the push-pull arrangement has additional
benefits in stab$lity and freedom from hum. The total =Zlification
without compensation is approximately 10,000. The compe~ation adds .
.“ ,- ..,. .
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another factor of 2m making the total amplification at high &quencies

a maximum of 2.5 X Id. The breakdown of stages follows. F= stage:
Imr-noise triode, approximate gaim 20. Second stage: ● “High-- pentode
stage, amplification approximately 50. Third and fourth s-: Ampli-
fication without Compensation approximately 20, with compensattin approxi-
mately ~0. Fifth stage: Cathode follower, approximate gain O.5.

.

The ~,$mum signal occurs im the fourth stage and overlti occurs
when the out~t signal is of the order of 20 volts. The gain e-mtrol is
between the first and second stages. It is a constant-impedm-e, double T,
ladder-typ attemator with 17 steps hating the voltage ratio I:@. This
is convenient since it gives a double smplitude in the output ~- a square
detector on the next higher step. The low-pass filters con8Ls: of three
stages of “pi” type low-capacitance filters matched to a 3000-&m resistor
to ground symmetrical load. me output is sufficient to drive =high-
i.mpedancethermocouple circuit for alJ except the lowest-level turbulence
measurements. The proper functioning of the individwl stages IS moni-
tored by sma~ meters on the front panel. The tubes are all h-ted wtth
direct current and the plate supply is a conventioti regulat~ power
supply (300 volts, 100 ma) with additional filtering incorpora--=din the
compensating-amplifierunit. Stability of the amplifier was m~stantially
improved by using small series resistors in ~ gr:.dcircuits. Slew
oscillations (motorboatiug)were eliminated by a low-frequency negative
feedback, operatingbetween the second and fourth.stages, by s~~ly con-
necting the screens. The low noise requfied the use of high ~conduct-
ance tubes in the first stage but these increased the microph~-s pickup.
A speci~ ~ttifcropho~c suspension was developed for the f-t 6tSge
and figure 22 shows it in various stages of a88embly. The f=t-panel
view is shown in figure 23. The top view (fig. 24) shows the location
of stages. The first and second stages are in a common co~nt tith
the gain control. The third and fourth stages are also in a cccmon com-
partment, and only the fiensitive cathode follower is unshteld.q.

The noise level of the amplifier Aturally depends on the frequenq
band width (filter) and time constsnt selected. Figure 25 shoks the
noise level, determined from the operation of the compensated ~lifier
with Vq@ng time constant M, and filter settings, designated tromA
to E. The noise level is defined by the root-mean-sqwre vole fed to
the input that produces a root-meqn-square output voltage wlti~t com-
pensation equal to that produced by the thermal noise with com.~nsation
in the absence of an input signal..

The problem of frequency-res~ansecharacteristic adjus~~. of the
amplifier near the upper frequency limit 1s a matter for comprmdse. The
upper frequency lixit dfects.the noise level and if only the mot-mean-
sqwme value of turbulent fluctuations were measuxwed,the idea fYequency
resyonse wouldbe unifozmup to a given frequency limit, then ~ sharply
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cut off. On the other hand, if the phase relations are also impo-t,
that is, a faithful response of wave shape is required, then a more
‘gentle” falling off at high .freguencieswould be ~re advantageous.
The frecjuencyresponse may be adjusted by “trimnlng” the circuit. The
frequency response of the amplifier with the highest cut-off fqter E
(see f%. ~) @ the cti”cuitis shown by figure 26. The illustrated
response &rve represents a compromise of these two contradictory regutie-
ments. The amplifier with no low-pass filter @ a tuxiformresponse
approximately up to 160 kilocycles and then falls off gradually. The
response is uithin ~ percent from 2 to 40,000 cycles per second and~has
a loss of 20 percent at 70,000 cycles per second. l%e compensation
characteristics for an assumed ideal amplifier are shovn in figure 19.
The actual compensation characteristicsmay be obtitned by superposition
of figures 19 and 26.

The response of the compensated amplifier may be accurately deter-
mined by the method of sgusre waves. A circuit arranged for this pur-
pose iS shown in figure 27. Sgusre-wave pulses are Ted into a ‘dumqy
‘hot-wire”made up of a decade capacitor and resis~ce so as to have a
time constant in milliseconds equal to the capaci-ce in microfarads
(Shunt resistance = 1000 ohms) and a frequency response identicd. to a
real hot-wire with the ssme time constant. The frequency chsracteristici3
at the output of the amplifier are then determined by the wave form
appearing on the screen of the cathode-ray oscilloscope. The sguare-
wave input signal distorted to simulate the behavior of the hot-wire is
known to be properly compensated when the output s- is restored ~
its original form. The screen was photographed d- a varie~ of tests
and some of the photographs have been reproduced in figures 28 to”3k.

Figure 28 shows how much a square-wave signai of w cycles per
second is attenuated by a hot-wire having a time constant of 0.4 mil-
lisecond and how the greatly reduced and distorted signal can be restored
by compensation. This showe how much information so?!d be lost without
compensation. Figure 29 shows the patterns obtained by ~ing the com-
pensation setting. Figures 30 and 31 show the response of the compensated
amplifier to square-wave frequencies from 200 to ~,000 cycles per second.
The progressive departure from sgusre-wave form sho=s the continual
elimination of higher harmonics. A symmetricti square wave has only odd
Fourier components with amplitudes decreasing inversely pro? Jrtio@ to
their frequency. If only the fundamental frequency passes vbrough the
amplifier, the third hsrmonic is already out of the range. This condi-
tion prGbably has been reached for the 35,~0-cYcle-T~r-second sw~e
wave and definitely has been reached for ~,000 cycles per second because
of the near sinusoidal form at the output. ‘l?hisindicates t~t ~ cut-
off lies between 105,000 and ln,000 cycles per second. On the other
hand, the contribution of the third harmonic is cleax-lyvisible in the -
20,000-cycle-per-secondtrace, indicating an appreciable response-at
60,000 cycles per second. The 15,000-cycle-per-secoti signal has an

.
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additional contribu~on from the fifth hazznic. Since higher and
higher hsmaonics come through as tie signal freque~ decreases, the
wave shape becomes more and.more sq??e.

.’

As ~ybe observed from figure 19, the effect of compensation also
deteriorates with increased hot-wire time constaht. IMguxe 32 chows the
square-wave response if the time constant is incresed to 1 millisecond.
In this case a low-pass filter was used in order to cut down the noise
from a high-frequency domain where no signal is ee.ed. The rounding
of? of square waves with various filters is shown in figure 33.

The method of square waves is very sensitive for compensation setting,
especially when the square waves overlap. Figure 34 demonstrates the
sensitivi@ of this method. The slight difference &.tween the upper and
lower side of the tr[ e is due to a slight nonlinearity of the scope used.

With a square-wave input and proper compensation for 0.4 millisecond,
the rise time of the output wave is approximately 8 microseconds. The
rise time here is defined as the time required for the output voltage to
rise from 10 to 90 percent of its final value when a discontinuous tran-
sient (step-function)voltage is applied to the input. The same defini-
tion would give a rising time of 880 microseconds for the uncompensated
wave, so the improvement is of the order of ~.00deming slightly on
the definition. “

Service Unit

If the correlation%etween two signals is measured by the radiometer
method as described in the section entitled “General Design Considerations,n
the two outputs from the compensating.ampl-if’iermust be combined to form
the sum and the difference of the two signals. The compensating ampli-
fiers me provided with gain control only in steps; therefore additional
continuous amplitude controls =e necessary in the service uni-t. The
equali~ of the root-mean-square level of the Iwo signals necessitates
the incorporation of a thermocouple meter.

During the development it was first thought that it would be pos-
sible to perform these operations in the calibration unit, but this did
not prove to be practicable. The service unit has tw important parts.
One is the circuit to handle the two”output signals obtained from the
compensated simplifiers(equalizing, metering, forming the sum and dif-
ference); the other is a group of metering cticuits to monitor the plate
and fil~ent supply of the two compensa~- ~l~i~-’ me circuit
diagram is shown in figure 35. The special adding-and-subtracting circuit
is given-in figure 36.
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If a ring of eight identical re~istors is fed by two independent
alternating-current sig@s at diametrically opposite points, patis of
resistors will connect each pair of feeding points. The midpoint of
these pairs of resistors gives the arithmetic mean of the potentials;
therefore one pair of diametrical tap points gives the half sum, and
the other, the half difference, of the two input voltage6.-

For calibration purposes It is desirable to feed identical signals
to the two systemq. -This canbe achievedby closing the “I = II” switch
(fig. 35)*

The compensating amplifier mustbe terminated by a 3000-ohm load
resistor to ground on each side. This resistor is not incorporated in
the amplifier unit. The equalizing and metering circuit provides a
load of approximately 3000 ohms on the coqjensating amplifier outputs.
The front panel is shown in figure 36.

Power Unit

The radiometer method of measuring correlation requires higher
direct-current output from the square detector than is available from
thermocouples. A higher-power squsre detector and also a higher-output
smplifier have a number .ofother possible applications (e.g., recording
of output level).

The signal level emerging from the compensating amplifier is of
the order of 1 volt except under rather special circumstances, for
example, taking low-frequency measurements without thermal-lag compensa-
tion or making use of the low noise level (3 to 4 microvolt). In this
case the output may be as low as 50 to 100 millivolts”. The circuit
diagram is shown in figure 38. The power unit also incorporates two
differentiating circuits that canbe cascaded to provide second deriva-
tives with respect to time. Depending on the frequency range, the time”
constant of the differentiation circuit can be varied by changing the .
capacitor. An attenuator with steps and l:~ratio controls the gain
and a continuous gain control is protided to adjust levels of relative
amplification in the two channels (two power units). After two stages
of voltage amplification a high-power push-pull stage raises the signal
to the 30- to ~-volt level across a rather low impedance (MOO ohms -
cathode to cathode). This power is available as an output for ~ meter
or equipme~it.requiring high alternating-current power. .

The square detector is a separate circuit within the power unit.
Figure 39 shows the square-law detector circuit. The circuit uses the
“biased-diode” method that can be adjusted to any monotonic functional
relationship between voltage and current. The cimuit.consists of pairs
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o-frectifiers with series res~ato’raacting a8 fiilJ.-vaverectifiers. The
bias voltage prevents the rectifiers from conducting before the signal
overcomes the b’iasvol~e. Thus with increasing instan~eous voltage
more and mor,estages of rectifiers pairs are conducting. The curve of
rectified current against input voltage is controlled’by the series “
resistors.

The computation of the circuit can be simplified by =suming
contfnuoualy distributed rectining elements and series resistors. If
the voltage drop across the meter can be neglected, idetiical series
resistors would produce an exact squafe law. Zn the general case the
voltage drop across the meter must be subtracted from the input voltage.
The following quantities

e input voltage

I output current

% meter

eg i@.lt

%, ‘ value

are defined:

-.
resistance

*

voltage to diode circuit (e - IRm)

of the resistor in stage that just starts conducting at
voltage el

4
1’

\

,1

;

!
),
i

.

--.-, ----- --’-”

NT bias voltage step between stages.

Assuming continuous distribution it canbe shown that ‘

d?I 11

.AV ~(de,)a = —
(3U

BY choosing the resistors on the b-is of t~s aPProx~te theo~ the .
square lav established itself remarkably well.

The square-l-w circuitresponds instantuneo~ly withiP the limita-
tions of capaci~ effects in the diodes. If the output voltage is
plotted against the input vol%e (She-waves input), the resulting
Lissajous figure on the cathode-ray oscilloscope is a parabola. l?ig-
ure ~ shows a series of such pmbolas at vving amplitude levels.
At 10V le-eelsthe steps are clearly seen, but at higher levels the
parabola la practically continuous. The vizriationof sgusre response
with frequency is shown in figure xl. The increa~ing phase lag produces
an ~-shaped pattern when the phase lag becomes 90°.
response of the swing circuit is given in figure

The quantitatiw2

41, showing that the -
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performance i= not inferior to a thermocouple, but produces a sub-
stantially higher direct-curre@ output* The front panel arrangement
is shown in figure 43. The bottom view showing the wiring and the
separate layout of the”square detector is given In figure ~.

Calibration Unit

The cont~ol .Mt and compensating amplifier have been made in two
identical units to provide for two identical channels. The functions
that are not needed in duplicate and involve the low signal levels of
the amplifier input are integrated into a calibration unit.

The circuit diagram is given in figure 45 and the front panel is
shown in figure ~. There are two independent circuits. One is a
calibrating-test voltage supply and the other a direct-current
potentiometer. “

The calibrating-test voltage is obtained from an external generator
(sine-wave, square-wave, or random-noise). A thermocouple root-mean-
square meter (O- to 3-ma range) measures the current through the cali-
brated resistors. A shut can change the range by a factor of 10. The
potential across accurate resistors can give continuous range of test
voltages from 300 microvolt to 90 millivolts at any wave form. A
“dummy hot-wire” (essentially the same as in fig. 27) is incorporated
giving a fixed the constant of 0.5 millisecond.

Auiiliary Equipment

The auxiliary equipment employed is shown dotted in figure 9.

Wwer Supplies.- The compensating amplifiers are supplied with the
appropriate forma of power which m“e controlled and metered.

Oscilloscope.- An oscilloscope is used to monitor the output signal.
The faithful response of the oscilloscope is important in square-wave
calibration.

Radiometer.- It was given in the section entitled “General ~sign
Considerations” that the ratio of the output currents supplied by the
power units canbe made a unique function-of the correlation coefficient.
The radiometer used was made by the Sensitive Rese=.ch Co. The power
required to operate this instrument is a 0.5-milliampere direct -ent
across a 1500-ohm resistor} which would produce a ~-inillivolt potential
drop. The power unit &s this capability available: whereas the thermo-
couples installed iu the service unit are incapable of supp2yfn.gthis
amount of power.

/
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Wave a@lyz cr.- A narrow-band-width wave analyzer is used to
measure the power contribution to the’total s~gnal by the different
frecjueucybands. The commerc.lallyavailable eguipment is designed
primarily to iso~te discrete spectral.lines and is calibrated
accordingly. Some modifications,.such as the use of a sgusr~ detec&r
for out@t meter, are necessary to measure the proper quantities.

A few sample experiment results are submitted. This has been
done not so much for the information contained but to demonstrate the
soundness in design principle of the equipment by its performance in
the manner expected.

Time Record of Hot-Wire Output in aShock T’ube

When a treveling shock wave passes by a point in a shock tube, the
density and absolute temperature increase discontinuously and the veloc-
i%y rises abruptly from zero to a finite value. If a hot-wire probe is
inserted into the shock tube, a transient change occurs in the flow
conditions during a period that is extremely short compared with the
response time of the wire and accompanying apparatus. In accordance
with the theory, the uncompensated wave shape should still be exponential,
even though the simple linearized thermal-lag eguation Is not applicable.
Figure k7 shows an uncompensated and a compem-ated record together with
a 5000-cycle-per-secondsine wave. The records prove that with compensa-
tion high fidelity has been achieved. Oscillograph records obtained at
a higher writing speed more completely resolve the details of the tran-
sient response performance, and in the presence of a timing s@al, the
rise time can be estimated. Figure ~ shows thee traces illustrating
the transient response of the wire to a step function in flow condi-
tions (A) and in heating current (B). The rise time measured is of the
order of 10 to 15 microseconds. This work was carriedout in the
Department of Aeronautics at me Johns Hopkins University.

Mass-Flow and Stagnation-TemperatureFluctuations “

in a Supersonic Tunnel

A 0.00015-inch-dkmeter tungsten wire of approximately 0.080-ihch
length was used in ~is investigation. The sensitivity of the wire is
given in figure 8. The instantaneous voltage fluctuation across the
wire is given in equation (15). The mean~sq~e.voltage fluctuation
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with’.
.

(32)

If the correlation between mass-flow fluctuations and stagnation-
temperature fluctuation is complete (Rti = T1), the plot of

must be a linear one. The intersection at

S?=o‘

A tungsten wire 0.00015 inch in diameter and approximately 0.08 inch
long was exposd to an air stream with M = l.~ and a supply pressure
of 40 centimeters of mercury. The sensitivity for mass--flowfluctua-
tions varied by 1 to 10 millivolts per percent and the sensitivity for
stagnation-temperatke fluctuation varies by 3 to 10 millivolts per
percent corresponding to 1 millivolt to 3 millivolts per OC. The ratio
of sensitivities varies by a factor of 1 to 15 in the useful range.
Figure 49 shows a plot of the separation of mass-flow and temperature
fluctuations obtained in the Aberdeen Bomb Tunnel when the,turbulence
was artificially increased in the settling chamber. The graph suggests
strongly that ~ = -1 in this case. -.
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, An oscil.lographicrecord taken during the same experiment is
chown in figure m. Note the high-frequency content of the hot-wire .
output. This is not the random noise produced by the equipment since
the signal-to-noise rations approximately 30:1 (in power). A sample
of the energy spectrum measured in the supersonic flow stream for a
lmited range of fre~eqcies iS she- in figure 51. The noise readings
were taken with the heatm current of the wire cut off. The substan-
tial margin between signal and noise is enco~aging. Unfortunately,
no equipment was a-milable at the time to measure ths enera spectmm
of the S- beyond the 16-kilocycle frequency that was imposed by the
operating range of the wave.analyzer.

Turbulence Spectmm in Low-Speed Flow

The performance of tie turbulence-measuring equipment
in this rewrt seems to be superior to previously reported

descr~bed
i~truments

at both high and low speeds. Figure 52 shows an ener~-spectrm measure-
ment in a turkulent boundary layer. The noise and the turbulent-velocity
fluctuation are both random functions. The energy spectnun of the signal
decreases with rising freguency. The spectmm of the amplifier noise is

flat without com~uattinbut it rises with frequency when compensated.

The noise readings””me indicated at the two highest frequencies
where they are still substantially lower than the signal (points close
to horizontal axis). At lower frequencies the noise spectrum is practi-
cally undetectable.

~ National Bureau of Standards
Washingtonj D. C.,-December 13,.1951
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